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Abstract
A large-scale apparatus was designed and built at the University of Wollongong to evaluate the pull-out
strength of rail subballast reinforced with geocells. A series of tests were carried out to investigate the pull-out
resistance, mobilised tensile strength (ttensile) and passive strength (tpassive) of a subballastgeocell assembly
under a given range of overburden pressure (1 kPa < q < 45 kPa). The interface was held in a vertical
alignment to better simulate the interaction between subballast and geocell in accordance with routine track
practices. The test results show that the geocell reinforcement provides a considerable degree of passive
resistance, where the opening area (OA) and lateral pressure (sn) over the geocell strip are found to be
influential factors. A three-dimensional finite element simulation was also conducted. The numerical results
show that the tensile strength mobilised in the geocell will increase as the geocell stiffness increases, but
causes a reduction in tpassive. A parametric study was also developed to investigate the impact of geocell
stiffness and friction coefficient on the passive resistance and mobilised tensile strength. These results indicate
that the passive resistance and mobilised tensile strength increase with the increase in overburden pressure
(q) and friction coefficient (d).
Keywords
geocell, out, performance, pull, evaluation, testing, railway, stabilised, subballast
Publication Details
Biabani, M. Mahdi., Ngo, N. Trung. & Indraratna, B. (2016). Performance evaluation of railway subballast
stabilised with geocell based on pull-out testing. Geotextiles and Geomembranes, 44 (4), 579-591.
This journal article is available at Research Online: http://ro.uow.edu.au/eispapers/5767
Performance evaluation of railway subballast stabilised with geocell based on pull-out 1 
testing 2 
 3 
M. Mahdi Biabani, PhD, MEng, BEng 4 
Research Assistant, Centre for Geomechanics and Railway Engineering, University of 5 
Wollongong, Wollongong City, NSW 2522, Australia; ARC Centre for Excellence for 6 
Geotechnical Science and Engineering, Australia Faculty of Engineering, Australia 7 
 8 
Ngoc Trung Ngo, PhD, MEng, BEng 9 
Lecturer, School of Civil, Mining and Environmental Engineering, University of 10 
Wollongong, Wollongong City, NSW 2522, Australia; ARC Centre for Excellence for 11 
Geotechnical Science and Engineering, Australia Faculty of Engineering, Australia 12 
 13 
Buddhima Indraratna, PhD (Alberta), FTSE, FIEAust., FASCE, FGS. 14 
Research Director, Distinguished Professor of Civil Engineering, Centre for Geomechanics 15 
and Railway Engineering, University of Wollongong, Wollongong, NSW 2522, Australia. 16 
ARC Centre for Excellence for Geotechnical Science and Engineering, Australia 17 
 18 
Technical paper submitted to: Geotextiles and Geomembranes 19 
 20 
 21 
Author for correspondence: 22 
Distinguished Professor Buddhima Indraratna 23 
Faculty of Engineering and Information Sciences 24 
University of Wollongong 25 
Wollongong, NSW 2522 26 
Australia. 27 
Ph:   +61 2 4221 3046 28 
Fax: +61 2 4221 3238 29 
Email: indra@uow.edu.au 30 
1 
 
Performance evaluation of railway subballast stabilised with geocell based on pull-out 31 
testing 32 
 33 
M. Mahdi Biabani1, Ngoc Trung Ngo2 and Buddhima Indraratna3 34 
 35 
1Research Assistant, Centre for Geomechanics and Railway Engineering, Faculty of 36 
Engineering, University of Wollongong, Wollongong City, NSW 2522, Australia; ARC 37 
Centre for Excellence for Geotechnical Science and Engineering, Australia Faculty of 38 
Engineering, Australia. Email: mmb958@uowmail.edu.au 39 
2Lecturer, School of Civil, Mining and Environmental Engineering, University of 40 
Wollongong, Wollongong City, NSW 2522, Australia; ARC Centre for Excellence for 41 
Geotechnical Science and Engineering, Australia Faculty of Engineering, Australia. Email: 42 
trung@uow.edu.au, Ph: +61 2 4221 4892 Fax: +61 2 4221 3238 43 
3Research Director, Distinguished Professor of Civil Engineering, Centre for Geomechanics 44 
and Railway Engineering, University of Wollongong, Wollongong, NSW 2522, Australia. 45 
ARC Centre for Excellence for Geotechnical Science and Engineering, Australia, Email: 46 
indra@uow.edu.au, Ph:   +61 2 4221 3046 Fax: +61 2 4221 3238 47 
 48 
ABSTRACT: A large-scale apparatus was designed and built at the University of 49 
Wollongong to evaluate the pull-out strength of rail subballast reinforced with geocells. A 50 
series of tests were carried out to investigate the pull-out resistance, mobilised tensile strength 51 
(τtensile) and passive strength (τpassive) of a subballast-geocell assembly under a given range of 52 
overburden pressure (1 kPa ≤ q ≤ 45 kPa). The interface was held in a vertical alignment to 53 
better simulate the interaction between subballast and geocell in accordance with routine 54 
track practices. The test results show that the geocell reinforcement provides a considerable 55 
degree of passive resistance, where the open area (OA) and lateral pressure (σn) over the 56 
geocell strip are found to be influential factors. A three-dimensional finite element simulation 57 
was also conducted. The numerical results show that the tensile strength mobilised in the 58 
geocell will increase as the geocell stiffness increases, but causes a reduction in τpassive. A 59 
parametric study was also developed to investigate the impact of geocell stiffness and friction 60 
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coefficient on the passive resistance and mobilised tensile strength. These results indicate that 61 
the passive resistance and mobilised tensile strength increase with the increase in overburden 62 
pressure (q) and friction coefficient (δ). 63 
 64 
KEYWORDS: Geosynthetics, Geocell reinforcement, subballast, pull-out, numerical 65 
modelling 66 
 67 
1. Introduction 68 
In view of rapid urbanisation, the demand for appropriate ground improvement techniques is 69 
imperative, in order to construct road and rail infrastructure over subgrade deposits with low 70 
shear strength. This has intensified pressure on railway industry to find innovative solutions 71 
to maintain track stability and reduce maintenance cost. Unlike conventional rigid 72 
reinforcement (e.g. steel and timber), geosynthetics have shown a promising approach to 73 
improve the performance of granular media placed over weak and soft subgrade (Bergado et 74 
al. 1993; Indraratna et al. 2011; Bathurst and Raymond 1987; Brown et al. 2006; Tutumluer 75 
et al. 2012). Loss of track geometry that is associated with excessive differential settlements 76 
due to localized failure of formation (capping and subgrade), often results in reduced stability 77 
and longevity of tracks (Selig and Waters 1994, Indraratna et al. 2014). In this regard, planer 78 
geosynthetics (e.g. geogrids, geotextiles or geocomposites) have been effectively utilised to 79 
reduce excessive settlement and lateral displacement of tracks under cyclic loading 80 
(Indraratna et al. 2013). In addition, three-dimensional cellular reinforcement, also known as 81 
geocell mattress, has been considered for different applications. The improvement in the 82 
performance of geocell stabilised soil has been attributed to enhanced apparent cohesion 83 
between the infilled soil and the geocell (Bathurst and Rajagopal, 1993). Nevertheless, recent 84 
studies have proven that the additional confinement mobilised during cyclic loading, helps to 85 
3 
 
enhance confinement and minimize lateral spreading of the aggregates, hence maintain 86 
stability of the infill granular material (Indraratna et al. 2015). Different types of 87 
geosynthetics have been utilised to investigate the pull out resistance (Ezzein and Bathurst 88 
2014, Moraci and Recalcati 2006, Sieira et al. 2009, and Bakeer et al. 1998). Also, the effects 89 
of aperture size and shape and opening area have been investigated by employing large-scale 90 
direct shear box and assessing the shear strength of unreinforced and reinforced soil (Biabani 91 
and Indraratna 2015). Nevertheless, studies of pull-out testing on cellular reinforcement (i.e. 92 
geocell pocket) of railway materials have not been conducted before to the knowledge of the 93 
authors.  94 
 95 
Indeed, none of the past studies were able to evaluate the exact mechanisms of shear 96 
improvement due to: (i) disparity in the loading patterns, where the overburden stress is either 97 
ignored or considered to be perpendicular to the sliding direction, and (ii) inappropriate 98 
horizontal alignment of the failure plane, in conventional direct shear and pull-out tests. In 99 
most cases, the planer geogrids are placed horizontally, so the normal stress is the vertical 100 
stress. However, placing the geocells mattress horizontally means that their strips are in the 101 
vertical direction, so the normal stress can be assumed as hydrostatic stress. This pattern of 102 
normal stress distribution must be properly assessed, because this is crucial for internal 103 
stability in the lower layers of a railway substructure, where the lateral confinement on ballast 104 
or subballast is usually very low ( 3σ ′ ≤ 30 kPa) as measured in the field. In view of this, a full-105 
scale laboratory pull-out apparatus was adopted to investigate the shear strength of geocell-106 
reinforced subballast in a more realistic manner. 107 
 108 
2. Scope and objective of current study 109 
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 In order to investigate the advantages of cellular reinforcement of geocell-reinforced 110 
subballast in the field (Fig.1), a series of pull-out tests were conducted using a new apparatus, 111 
where the overburden stress was applied parallel to the pull-out direction (shearing plane). In 112 
this condition, the load distribution over the geocell strip can be investigated and compared to 113 
a conventional direct shear or a pull-out box. The objective of this current study is to develop 114 
a new approach to measure the passive resistance (τpassive) of geocell reinforced granular 115 
media with respect to a typical railway condition subjected to a relatively low confining 116 
pressure exerted by sleepers and the ballast shoulder ( 3σ ′ ≤ 30 kPa) as measured in the field 117 
by Indraratna et al. (2015). In this investigation, during pull-out testing, the potential failure 118 
plane was not forced to be parallel to the pulling direction, and the mobilised shear resistance 119 
over geocell strips was measured by applying different overburden stresses on top of the 120 
geocell. A numerical analysis was also conducted to validate the experimental results and to 121 
provide greater insight into the pull-out test results, particularly considering the passive 122 
resistance (τpassive) attributed to the transverse ribs and mobilised tensile strength (τtensile) of the 123 
longitudinal ribs. Also, a parametric study was carried out to investigate the impact of 124 
different factors, including the geocell stiffness (Egeocell), the overburden pressure (q), and the 125 
friction coefficient (δ).  126 
 127 
3. Material and Method of Testing 128 
The granular medium used here was a locally available crushed basalt from a quarry near 129 
Wollongong. The particle size distribution adopted for the subballast was within the rail 130 
industry specified range (D50 = 3.3 mm, Dmax = 19 mm, Dmin = 0.075 mm, Cu = 16.3, Cc = 1.3, 131 
γd = 19 kN/m3). Four types of geogrid and two types of geomembrane were used to form a 132 
geocell pocket for reinforcing the subballast and to examine the influence of the open area 133 
(OA %) on the passive resistance. The geogrids and geomembranes were divided to three 134 
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types of geosynthetics (Fig. 2 a): (i) geomembrane (GC1 and GC2), (ii) triaxial geogrid with 135 
triangular openings (GG1), and (iii) biaxial geogrid (GG2, GG3 and GG4). The 136 
geomembranes used were made from strips of high density polyethylene, welded together at 137 
the joints to create a cellular network with depth of 150 mm. The geogrids were made from 138 
high density polypropylene, and they were also connected together to create a 150 mm deep 139 
cellular pocket.  It is noted that the welding of geocells was carried out by the manufacturer. 140 
During laboratory tests, the geocell was installed exactly in the same way as in the field. 141 
Within the scope of this study, the effect of the welded joint was not considered, although we 142 
agree that this is a relevant point. The physical and mechanical properties of the 143 
geosynthetics used in this study are summarised in Table 1. 144 
 145 
The large-scale pull-out box (800 mm long, 600 mm wide, and 500 mm high) designed and 146 
built at University of Wollongong is shown in Fig. 2b. It was large enough to accommodate a 147 
single geocell pocket at the centre without any significant boundary effects. A total of 36 tests 148 
under different overburden pressures were conducted. A predetermined mass of granular 149 
material was placed inside the box in several layers and then compacted using a vibratory 150 
hammer to achieve the desired relative density (DR) of about 77%, that is representative of 151 
subballast in the field (ρ = 2100 kg/m3). Vertical displacement was recorded using a linear 152 
variable differential transformer (LVDT). Four strain gauges were attached to the geocell 153 
pocket at heights of h = 18.75, 56.25, 93.75, and 131.25 mm as illustrated in Figs. 2b-c to 154 
measure vertical strains of longitudinal ribs in various geocell pockets. To attach the strain 155 
gauges to the geocell strip, the surface of a geocell pocket/rib was brushed lightly with 156 
cleaner and degreaser, and an industrial adhesive was applied before mounting the strain 157 
gauges. The strain gauge was pressed into the adhesive with an overlying thin plastic film 158 
with care to remove all the entrapped air. The strain gauges were then covered with flexible 159 
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sealant and water proof tape. The cable leads were encased in flexible conduits to protect 160 
them from any damage during the experiments owing to subsequent deformation of the 161 
geocell pocket. Four miniature pressure cells (10 mm thick, 50 mm diameter with a range of 162 
500 kPa and 99.7% accuracy) were also mounted to the geocell at depths of h = 18.75, 56.25, 163 
93.75 and 131.25 mm to measure the stress induced in the geocell strip (Figs. 2b-c). Every 164 
instrument was calibrated before connecting to an electronic data logger (DT800) and was 165 
controlled by a host computer to accurately record pull-out force, vertical displacement and 166 
stresses at predetermined time intervals during the testing. A pull-out force was applied using 167 
the tensile Instron machine at different overburden pressures varying from 1 kPa ≤ q ≤ 45 168 
kPa. A groove was provided at the top loading plate to facilitate pull-out of the geocell while 169 
maintaining a constant overburden pressure. A single pocket of geocell was placed at the 170 
centre of the box and the subballast layer was placed and compacted in three layers 171 
surrounding the geocell to achieve the desired field density. The pull-out rate was maintained 172 
at 1 mm/min during testing, following the ASTMD-6706-01, (2001). During these 173 
experiments, shearing continued until a maximum vertical displacement of 30 mm was 174 
reached (i.e. the maximum displacement allowed by the apparatus).  175 
 176 
4. Results and Discussion 177 
4.1 Pull-out force 178 
Fig. 3a shows the results obtained by pull-out tests for reinforced subballast with a single 179 
geocell pocket (GC1) subjected to various overburden pressures, ranging from 1 kPa to 45 180 
kPa. The pull-out force shows a non-linear variation with the axial displacement where as 181 
expected, an increased pull-out force is evident at a higher overburden pressure. For a given 182 
overburden pressure, the pull-out force reaches the peak value at an axial displacement of 4-183 
8mm, beyond which the pull-out force then decreases with further increase in axial 184 
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displacement. The observed stress-strain responses including volumetric strains confirm that 185 
the reduction in the pull-out force is associated with the post-peak dilation of the aggregates. 186 
The variation in volumetric change at different axial displacements is shown in Fig. 3c and it 187 
is observed that at low overburden pressure (q), geocell-reinforced specimen exhibits an 188 
initial contraction followed by dilation. Nevertheless, a volumetric contraction occurs at a 189 
higher level of overburden pressure (q ≥ 20 kPa), which clearly demonstrates the role of 190 
effective cellular confinement in inhibiting dilation. The degree of contraction is increased by 191 
increasing the overburden pressure. It can be concluded that the infill granular materials tend 192 
to be in compression rather than being in dilation when reinforced by a cellular pocket. 193 
 194 
Fig. 3b presents the corresponding pull-out force of the subballast, reinforced with different 195 
types of geosynthetics subjected to an overburden pressure of q = 20.5 kPa. According to the 196 
laboratory results, GG3 (having the highest open area) provides the lowest degree of pull-out 197 
force compared to other geosynthetics. This can be justified due to the large size of the 198 
aperture in geogrid GG3, compared to the subballast gradation. As a result, geogrid GG3 199 
does not provide a considerably effective interlock with the subballast aggregates. On the 200 
other hand, the laboratory results reveal that the triax geogrid (GG1) exhibits the highest pull-201 
out force, the highest initial modulus, and the lowest degree of dilation compared to other 202 
geosynthetics. This is possibly because of the triangular shape apertures and the optimum 203 
aperture size of the GG1 with respect to subballast gradation providing better particle 204 
interlocking and a more uniform stress distribution facilitated by the triaxial ribs (Biabani and 205 
Indraratna 2015).   206 
  207 
4.2. Measured geosynthetics strains  208 
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 It is well recognised that in pull-out testing, the strain mobilised in the geosynthetic varies 209 
according to the distance from the pull-out force (Abdi and Zandieh 2014, Moraci and 210 
Recalcati 2006, Sugimoto and Alagiyawanna 2003). During pull-out testing, the force is 211 
transferred from transverse members and friction surfaces through the longitudinal members. 212 
There will be a different mobilisation of strain, at different parts of the geocell pocket, due to 213 
different elongation of longitudinal ribs (Bergado and Chai 1994). As a result, a particular 214 
part of reinforcement will be moved during pull-out testing. Fig. 4a shows the variations of 215 
strains, mobilised in the longitudinal ribs of geogrid GG2 subjected to various overburden 216 
pressures. The experimental results show that the mobilised strain of the geocell pocket varies 217 
with the depth and that mobilised strain increases as the overburden pressures (q) increases. 218 
The maximum strain mobilised in the reinforcement is found to occur at a depth of about h = 219 
18.75 mm. Moreover, the results also shows that there is an insignificant strain mobilised at 220 
the depth of h = 131.25 mm, highlighting the varied mobilised strains with the geocell depth. 221 
These results are in accordance with previous studies, which were carried out using 222 
conventional pull-out testing (Bergado and Chai 1994; Alagiyawanna et al. 2001), among 223 
others. Fig. 4b shows the mobilised strain for different types of the geosynthetics subjected to 224 
an overburden pressure of q = 29.5 kPa. It is seen in all of these artificial inclusions that the 225 
mobilised strain decreases with an increase in the depth of the geocell pockets. However, 226 
over the longitudinal ribs, the GG2 provided the minimum strain, and GG3 provided the 227 
maximum strain. This can be explained by the fact that GG2 has the highest and GG3 has the 228 
lowest mobilised tensile strength during pull-out testing, and this is possibly associated with 229 
the level of interlocking between the subballast particles and the tested geosynthetics. 230 
 231 
4.3. Passive resistance  232 
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It is well known that, the pull-out resistance can be determined as the sum of the frictional 233 
and bearing (passive) resistance in reinforced soil as: 234 
 RBRForcedre PPP +=inf                                                   
(1) 
 235 
 where, PRB is the bearing (passive) resistance and PRF is the frictional resistance. There are 236 
several models available in the literature for evaluating the bearing (passive) resistance, 237 
which are summarised in Table 2. Accordingly, the performance of geocell-reinforced 238 
subballast can be explained by determining the bearing resistance (passive strength) that 239 
develops against transverse ribs during pull-out testing. Bergado and Chai (1994) presented 240 
that the mobilised passive bearing resistance (τpassive) of geosynthetic-reinforced soil could be 241 
obtained as: 242 
 cnqp CNN += στ                                                   
(2) 
 243 
where, Nc and Nq are bearing capacity parameters. The bearing capacity factor Nq is 244 




(tan2)tan( φπφπ += eNq  
                                                 
(3) 
Also, the value of Nc can be determined by: 246 
 φcot)1( −= qc NN                                                   
(4) 
 247 
In Eq. (2), σn is the normal stress at the soil-geocell interface, which has been measured by 248 
miniature pressure cells. The magnitude of normal stress over the geocell strip could be 249 
calculated by lateral earth pressure, as shown in Fig 5a. The passive resistance of geocell 250 
reinforced subballast determined by Eq. (2) is plotted for different overburden pressures 251 
(hence normal stresses) for various types of geosynthetics, as shown in Fig. 5b. In addition, 252 
the degree of σn over the geocell strip measured by the miniature pressure cell and calculated 253 
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by earth lateral pressure is also shown in Fig. 5b. As expected, the passive resistance 254 
increases as the overburden pressure (q) increases. Notably, the value of σn measured by the 255 
pressure cell is slightly greater than σn calculated by the lateral earth pressure theory. Also, 256 
based on the lateral pressure measured by four miniature pressure cells, a marginal difference 257 
is observed over the relatively small height of the geocell pocket. Accordingly, it can be 258 
assumed that the shear strength was uniform through the geocell strips. The geogrids GG1 259 
and GG3 provide the maximum and minimum τpassive, respectively, as shown in Fig. 5b. This 260 
can be justified due to the optimum length and thickness of the transverse ribs compared to 261 
the subballast degradation. Fig. 5b also shows that the maximum passive resistance can be 262 
obtained when the percentage of open area (OA) is in a range of 70% < OA < 80 %.  263 
 264 
In order to compare the shear strength obtained by the new pull-out box and those measured 265 
in  large-scale direct shear tests by Biabani and Indraratna (2015), the passive resistance is 266 
plotted against normal stress (σn) for the same subballast confined by the same geosynthetics, 267 
as shown in Fig. 5c. It is seen that the mobilised passive resistance (τpassive) measured by the 268 
pull-out and direct shear tests exhibits a similar trend except that the degree of mobilised 269 
passive resistance (τpassive) measured in the large-scale direct shear box is markedly less than 270 
that measured in the current pull-out tests. This can be related to the impact of loading 271 
mechanism on the overall behaviour of reinforced materials, where the contribution of 272 
geogrid transverse ribs has been mobilised to increase passive resistance for the case of 273 
interaction under pullout mode. It is seen from Figs. 5b-c that at the same normal stress (i.e. 274 
σn ≈ 21 kPa), the passive resistance measured in the pull-out box (about τpassive = 16 kPa) is 275 
much higher than that measured in the large scale direct shear box (about τpassive = 4 kPa). 276 
These results clearly show that a much lower normal stress is needed to mobilise the same 277 




5. Finite Element Simulation 280 
Numerical simulations have been often used to model various types of geosynthetically 281 
reinforced soils in pull-out testing using the finite element approach (Abdi and Zandieh 2014, 282 
Ezzein and Bathurst 2014, Khedkar and Mandal 2009). However, there are only a few models 283 
that have been used to investigate the bearing (passive) resistance of soil against the 284 
transverse ribs. Due to this difficulty, most of the studies only investigated the overall 285 
performance in pull-out resistance, and the passive resistance in reinforced soil has received 286 
less attention in most of the numerical simulations currently available. To fully understand 287 
the loading mechanism and the performance of reinforced subballast in a pull-out test, it is 288 
inevitable to develop a numerical model that can capture the passive resistance of 289 
geosynthetics. A three-dimensional finite element model, using the ABAQUS package, is 290 
developed in this study to investigate the actual behaviour of geocell reinforced subballast. In 291 
order to validate the experimental results, a single pocket form by geogrid GG2 was selected 292 
for the numerical simulation. Furthermore, to simulate the exact configuration of the 293 
laboratory size pull-out test, the geometry of the box and the geocell pocket (i.e., number and 294 
dimension of the apertures) were taken to be the same as the experimental configuration 295 
(Figs. 6). 296 
 297 
5.1. Material properties 298 
An elasto-plastic material with a non-associated flow rule was used in simulations to model 299 
the subballast. To capture the plastic behaviour of subballast, the Mohr-Coulomb yield 300 
criterion with a friction coefficient of 0.5 was adopted. To model the geocell pocket, a linear 301 
elastic-perfectly plastic material was used. The geometry of the geocell reinforcement is one 302 
of the main factors considered in this pullout study where a hexagonal shape was selected for 303 
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the geocell pocket, as it is similar to the actual geocell pocket conducted in the experiment 304 
and on the field. Also, it provides a more uniform stress distribution than a square or diamond 305 
shape when it is subjected to loading. The subballast-geocell interaction was established by 306 
developing two contact surface pairs, i.e. inside and outside of the pocket with a hard normal 307 
contact. A small value of cohesion (2 kPa) was used during this simulation to improve 308 
numerical stability and to ensure the model to converge in the reasonable computation time. 309 
A summary of the material properties used in the simulations is provided in Table 3. 310 
Exploiting the symmetry of the developed model, only half of the geocell assembly was 311 
simulated in the current analysis, as shown in Figs. 6c-d. 312 
 313 
5.2. Boundary conditions, loading and mesh size justification 314 
In the FEM simulations, the boundary conditions were applied to allow nodes in the 315 
boundary to move in a vertical direction, and  these nodes were restricted from moving in the 316 
direction normal to the boundaries (i.e. lateral directions), and the base of the model was 317 
fixed as illustrated in Figs. 6a-c. In order to obtain the optimum size of mesh and element 318 
number, several models with different numbers of elements were analysed. A sensitivity 319 
analysis was performed under an overburden pressure of q = 45 kPa and Esubballast = 7000 kPa 320 
with a geocell pocket of 150 mm in height to evaluate the effect of mesh density. The 321 
subballast was modelled using quadratic tetrahedral elements of type C3D10, and the number 322 
of elements varying from 17,656 to 231,310. A uniform loading applied on top of the 323 
specimen before testing and then propagated throughout the assembly during the pull-out test. 324 
The mobilised tensile strengths (τtensile) of the geocell pockets for models with different 325 
number of elements were compared at a depth of h = 18.75 mm, after the geocell pockets had 326 
been displaced by 30 mm, as shown in Fig. 7. It is seen that the value of τtensile decreases as 327 
the number of elements (N) increases, and when the number of elements exceeds about 328 
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100,000 elements, the reduction in the mobilised tensile strength is negligible. Based on this 329 
observation, a finite element model with N=100,236 elements was adopted in the current 330 
study. 331 
 332 
5.3. Numerical Results 333 
5.3.1. Geocell displacement 334 
It is well known that in pull-out testing, displacement of the geosynthetic decreases with the 335 
increasing distance from the applied force. Fig. 8a shows a typical displacement of the 336 
geocell pocket during pull-out testing, and Fig.8b shows the normalised geocell displacement 337 
(Δh %) in the direction parallel to the pull-out force, for different overburden pressures (q) 338 
plotted at different depth of geocell pocket (h). Based on these results, Δh decreases with an 339 
increase in the overburden pressure and this observation is similar to those measured in the 340 
laboratory by the strain gauges as shown in Fig. 4a. This can be justified that increasing q, 341 
hence the normal pressure over the geocell strip, leads to improving its resistance to the pull-342 
out force. As expected, maximum displacement occurred at the point where the geocell 343 
pocket was attached to the pull-out force. 344 
 345 
5.3.2. Tensile strength 346 
One of most important parameters that governs the behaviour of reinforced soil is the 347 
mobilised tensile strength (τtensile) in the reinforcement, which cannot be measured directly 348 
during laboratory testing. Fig. 9a shows a typical mobilised tensile strength in different parts 349 
of geocell during pull-out testing. As shown here, minor τtensile is observed in the transverse 350 
ribs, compared to the longitudinal ribs. In order to compare the τtensile at different depths (h), 351 
the values of τtensile are plotted for longitudinal ribs and junctions at different overburden 352 
pressure (q) for various depths as presented in Fig. 9b. It is seen that both the longitudinal 353 
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ribs and junctions exhibit an identical trend where the magnitude of τtensile increase with an 354 
increase of the overburden pressure. The magnitude of  τtensile in the junctions is observed to 355 
be almost half of that in the longitudinal ribs. In addition, the degree of τtensile decreases with 356 
an increase in the depth of the geocell pocket (h), where τtensile is found to be almost 357 
negligible in both longitudinal ribs and junctions beyond h ≥ 120 mm.  358 
 359 
5.3.3. Stress distribution over geocell pocket and passive resistance 360 
To compare the lateral pressure over the geocell strip at different overburden pressures, the 361 
magnitude of σn over the geocell strip is plotted for different overburden pressures (q), as 362 
shown in Fig. 10a. Compared to normal pressure measured by different methods, a relatively 363 
good agreement is observed, though σn measured by the pressure cell is slightly greater than 364 
the numerical (FEM) and theoretical values. As expected, the values of normal pressure over 365 
the geocell strip increases when the overburden pressure (q) increases. In every case, the 366 
value of σn is about less than half the overburden pressure. This highlights the difference in 367 
the loading mechanism between a conventional pull-out box, in which σn on the geosynthetics 368 
is equal to the applied pressure, and the current pull-out box.  369 
 370 
Another factor that was investigated in the numerical analysis is the passive resistance 371 
(τpassive) of subballast against the pull-out force. Accordingly, the value of τpassive at different 372 
overburden pressures is plotted (Fig. 10b) and it shows that the magnitude of τpassive is 373 
increased by increasing q. Using a best-fit regression analysis, the normal stress applied to the 374 
geocell strip is provided as a function of the overburden pressure (Fig. 10b). To provide more 375 
insight into passive resistance, the vertical pressure on different sections of the subballast is 376 
shown in Fig. 10(c). This shows that the mobilised passive resistance is found to be relatively 377 
uniform over the depth of the geocell pocket. This is probably because the specimen is not 378 
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deep enough for any change in stress in the subballast, and this leads to a uniform stress 379 
distribution with depth. In addition, this figure also shows that the magnitude of stress applied 380 
to the soil inside the geocell pocket decreases slightly, about 4-5 kPa. This is probably 381 
because the geocell can effectively confine the infill material, thus reducing the pressure 382 
transmitted to the lower soil layer. Details of the passive resistance of the soil particle trapped 383 
within the aperture are presented in Fig. 10d. As shown here, the magnitude of τpassive is 384 
slightly greater at the middle of the section (about 2-3 kPa) compared to the sides, and this 385 
could be attributed to less friction between subballast and longitudinal ribs than subballast 386 
itself. 387 
 388 
5.4. Parametric study 389 
5.4.1. Geocell stiffness 390 
The results of this study can be used to predict the behaviour of the geocell in pull-out testing, 391 
when various types of geosynthetics with different properties are deployed. In this study, the 392 
impact of geocell stiffness (Egeocell) is investigated by varying its modulus from a relatively 393 
low to high range of 0.05 GPa to 5.0 GPa to simulate the behaviour of different geosynthetics 394 
(e.g. GC1, GC2, GG1, GG3 and GG4). Moreover, the influence of the friction coefficient (δ) 395 
was studied from a range of 0.25 to 0.9 to simulate the relatively smooth to rough interface 396 
between the infill and the geosynthetic interface. Fig. 11a shows the variations in the 397 
mobilised tensile strength (τtensile) in the longitudinal ribs for different Egeocell at different 398 
depths of the geocell pocket. As expected, by increasing the stiffness of the geocell, the 399 
magnitude of τtensile is increased. The numerical simulation shows that by increasing Egeocell up 400 
to 1 MPa, there is a significant improvement in τtensile, beyond which any improvement is 401 
marginal (Fig. 11a). It can be concluded that deploying geosynthetics with a relatively high 402 
modulus does not provide a significant difference in behaviour, compared to one with a lower 403 
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stiffness. Fig. 11a also shows that regardless of the geosynthetic stiffness, at a lower depth (h 404 
= 131.25 mm), almost the same tensile strength is mobilised. Fig. 11b shows the degree of 405 
mobilised tensile strength (τtensile) at different value of friction coefficient (δ) and as expected, 406 
increased δ leads to an increase in the magnitude of τtensile. It also shows that at the lower 407 
depth of the geocell (h ≥ 90 mm), in all of cases, the degree of τtensile is reduced markedly.  408 
 409 
5.4.2. Passive resistance 410 
The effect of geocell stiffness (Egeocell) and friction coefficient (δ) can be best evaluated by 411 
comparing the passive resistance (τpassive) provided by the transverse ribs during pull-out 412 
testing. Fig. 12a presents the developed τpassive against the transverse rips for geocell with 413 
different values of stiffness (Egeocell). Based on these results, the maximum passive strength is 414 
observed at the lowest value of Egeocell. Increasing Egeocell leads to a substantial reduction in 415 
the passive resistance against the transverse ribs. This can be explained by the fact that there 416 
will be a higher τtensile mobilised in geocell at a higher value of Egeocell. As result, this will help 417 
to increase the stability of the reinforced subballast and lead to a reduction in the passive 418 
resistance. This behaviour continues up to about Egeocell = 1000 MPa, beyond which no 419 
significant reduction is observed. This is because no further τtensile is mobilised at the geocell 420 
with a higher stiffness (Egeocell ≤ 1000 MPa). Thereby, it can be concluded that geosynthetics 421 
with a lower stiffness can provide a higher magnitude of passive resistance during pull-out 422 
testing. Fig. 12b presents the degree of passive resistance (τpassive) at different friction 423 
coefficients (δ) for different overburden pressures (q). The magnitude of τpassive increases as a 424 
result of enhanced δ at different values of q. The degree of τpassive determined by Eq. (2) is 425 
also presented in Fig. 12b where it is found that the magnitude of τpassive calculated by Eq. (2) 426 
is in a good agreement with the numerical results when the friction coefficient is within the 427 
range of 0.4 ≤ δ ≤ 0.45. 428 
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6. Practical implications 429 
It is found from this study that geocell modulus, value of friction coefficient and loading 430 
mechanism have considerable influence on the performance of geocell-reinforced subballast. 431 
These influential factors need to be considered in track design in determining the mobilised 432 
tensile strength and passive resistance when geocells are utilised.  For this purpose, large-433 
scale pull-out tests were carried out to examine the pull-out resistance, mobilised tensile 434 
strength, and passive strength of the geocell-reinforced subballast under a realistic range of 435 
overburden pressure (1 kPa to 45 kPa). The measured data were used to calibrate and validate 436 
the three-dimensional finite element analysis. 437 
 The proposed 3D-FEM model can be used in practice for real-life scenarios to simulate pull-438 
out tests on cellular reinforcement (i.e. geocell pocket) for subballast aggregates, modelling 439 
the actual stress conditions acting on the geocells, thereby capturing the role of influencial 440 
factors as mentioned above. This model is also helpful for the practitioner to assess the 441 
mobilised tensile strength of a geocell-reinforced granular assembly, considering the passive 442 
resistance attributed to the transverse ribs and the mobilised tensile strength of the 443 
longitudinal ribs. The 3D FEM model is also able to capture the mobilised strains with the 444 
depth of geocells as accurately validated by extensive large-scale pull-out tests. In the 445 
absence of past pull-out tests on subballast reinforced by a geocell assembly, this study offers 446 
some original insight for the practitioner to improve design as well as to conduct a 447 
performance verification of the track. 448 
 449 
7. Conclusion 450 
The behaviour of geocell-reinforced subballast was investigated using a new pull-out 451 
apparatus under varying overburden stress (1 kPa ≤ q ≤ 45 kPa). A numerical analysis was 452 
conducted to simulate and measure the mobilised tensile strength and passive resistance at 453 
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different overburden pressures, geocell modulus, and friction coefficients. A parametric study 454 
was also developed to investigate the impact of geocell stiffness and friction coefficient on 455 
the passive resistance and mobilised tensile strength. The results showed that the geocell 456 
reinforcement provided a considerable degree of passive resistance, where the open area and 457 
lateral pressure over geocell strip were found to be most influential factors. The results 458 
confirmed that the behaviour of geocell-reinforced granular medial was governed by the 459 
loading mechanism, whereby the magnitudes of friction coefficient and geocell modulus had 460 
a significant impact on the performance of the reinforced specimen.  461 
 462 
This study also proved that geocells yield to higher passive resistance when they are used in 463 
pull-out testing, compared to the results obtained using the large-scale direct shear apparatus. 464 
This can be related to the impact of loading mechanism on the overall behaviour of 465 
reinforced materials where the contribution of geogrid transverse ribs has been mobilised to 466 
provide significant passive resistance during pull-out. The results also showed that the 467 
cellular reinforcement provided a higher bearing resistance in pull-out testing, in comparison 468 
with planar geomembranes tested in direct shear. It was also found that the passive bearing 469 
resistance had a significant influence on the overall interface shear strength where the lower 470 
geosynthetics stiffness resulted in a higher magnitude of passive resistance. Geocells 471 
provided a higher passive resistance when subjected to a relatively lower normal stress while 472 
the geocell with a higher stiffness exhibited a greater passive resistance against the transverse 473 
ribs.    474 
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List of Notations 
A = aperture size (mm) 
D50 = average particle size (mm) 
ρ = density (kg/m3) 
Cu = uniformity coefficient  (dimensionless) 
Cc = coefficient of curvature  (dimensionless) 
DR = relative density (%) 
Dmax = maximum particle size (mm) 
Dmin = minimum particle size (mm) 
γd = dry unit weight of the soil (kN/m
3) 
 d = diameter of geocell pocket (mm) 
σn = normal stress (kPa) 
OA = percentage of opening area (%) 
P = pull-out force (kN) 
h = geocell height (mm) 
q = overburden pressure (kPa) 
Egeocell = geocell stiffness (MPa) 
Δh = normalised geocell displacement (%) 
ν = poisson’s ratio 
ψ = dilation angle (degree) 
ϕ = friction angle (degree) 
c = cohesion (kPa) 
τpassive = passive resistance (kPa) 
τtensile = mobilised tensile strength (MPa) 
δ = friction coefficient  
lpull-out = pull-out displacement (%) 
k0 = coefficient of earth pressure (kPa) 
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Table 1. Physical characteristics and technical specification of geocell used for the study 669 
Geosynthetic type 
             Geomembrane Geogrid 
GC1  GC2  GG1 GG2 GG3 GG4 






Triaxial Biaxial Biaxial Biaxial 
Technical Characteristics 
Tensile strength 
at 5% strain 
(kN/m) 




9.5a/- 6.5a/- 19b/19b 30b/30b 30b/30b 30b/30b 
Physical Characteristics   
Open Area (%) 15.83 22.97 75.18 77.97 81.17 79.02 
A/D50 3.03 3.03 10.90 11.21 19.54 13.33 
Aperture shape circle circle Triangle Square Rectangle Square 
Aperture size 
(mm) 
10 10 37 37 63.5×64.5 44 
Cell depth (mm) 150 150 150 150 150 150 
Thickness (mm) 1.5c 1.5c — — — — 
Rib thickness 
(mm) (MD/CMD) 
-/- -/- 2c/2c 2.2c/1.3c 2.3c/1.3c 1.0c/1.0c 
 670 
Note: PP: polypropylene, PE: Polyethylene, MD: Machine Direction, CMD: Cross Machine 671 







Table 2. Summary of proposed models for capturing bearing resistance  
Reference Bearing (passive ) resistance Parameters 





















45tan 2tan  
S=spacing between bearing members; αb the fraction of total 
























PRB(ds)=pullout bearing load; dn=normalised displacement 
Eip=the initial slope of bearing resistance curve; σbult=is the 
ultimate value of the bearing stress. 
Bergado et al. 
(1987) 
ucbb CNmAF =  m=total number of the transverse members; Nc=the bearing 
capacity factor for a strip footing embedded in the soil; Ab=the 
cross sectional area perpendicular to direction of pull of the 
individual transverse members; Cu=undrained cohesion strength 
Moraci and 
Gioffrè (2006) 
bbtbtRB AnnP σ ′=  nt=number of geogrid bearing members; ntb=number of nodes in 
as transverse element; Ab=area of each rib element; bσ ′ =effective 
bearing stress on the geogrid bearing members  
Gurung and Iwao 
(1999) 
)1)(( DINCNAT qncbb −′+= σ  C=cohesion of soil; Ab=is the bearing area of the transverse 




Bergado et al. 
(1993) 












































σult =ultimate bearing strength; Eip=initial slope of pull-out 
bearing resistance; D=diameter of transverse member; L=length 
of single transverse member; θ= the rotational angle of a single 
transverse member; α=initial angle of the transverse element; 
displacement due to deformation 
29 
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Fig. 2. (a) Schematic illustration of (a) different geocell pockets used in this study and (b) schematic diagram of large-scale pull-out box apparatus 




































q = 1 kPa
q = 6.7 kPa
q = 11.5 kPa
q = 20.5 kPa
q = 29.5 kPa







































































       (a)                                                                      (b) 
Figure 4. Variation of mobilised strain in longitudinal ribs at (a) reinforced subballast with GG2 and (b)  
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                                                                    (a)  
(Modified after Bergado and Chai, 1994) 
  
 
   
                                                  (b)                                                                                               (c) 
Figure 5. (a) Typical stress characteristic for pull-out bearing failure; comparison of passive resistance 
(τpassive) at different opening area (OA) of different geosynthetics in: (b) current pull-out box, and (c) 
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   q (kPa)    σn (kPa)      σn (kPa)
                     (q+γz).k0   (pressure cell)
  45       17.15         21
29.5       11.6        15.5
20.5       8.07       10.25
11.5       4.74        5.25
6.7         2.95        2.75
1.0         0.85        0.45
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(a) : N = 17656 elements
(b) : N = 40915 elements
(c) : N = 77068 elements
(d) : N = 85949 elements
(e) : N = 100236 elements
(f) :  N = 144525 elements






   Figure 8. (a) Typical geocell displacement during pullout force, and (b) variation of axial displacement 










Figure 9. Typical mobilised tensile stregnth in (a) geocell formed by geogeid GG2 and (b) at different 







Figure 10.  (a) normal stress developed over geocell strips; (b) passive resistance at different overburden 
pressures, (c) typical normal stress in the geocell-renforced subballast; and (d) passive resistacne in the 





                                          (a)                                                                                          (b) 
Figure 11. Variations of mobilised tensile strength: (a) varying geocell stiffnesses (Egeocell); and (b) 
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                                  (a)                                                                                  (b) 
Figure 12. Variations of passive resistance: (a) varying geocell stiffnesses (Egeocell); and (b) varying 
friction coefficient (δ). 
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